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Abstract 

Purpose: 

The purpose of this study is to determine the effects of 4-weeks dietary calorie restriction 

alone (CR) compared to CR with aerobic exercise (CR+E) on systemic inflammation and 

index knee pain in overweight and obese individuals with knee osteoarthritis (OA). 

Methods:  

Twenty-three individuals with knee OA completed a randomised controlled trial. 

Participants in the CR group (n=9, BMI: 30.0 ± 2.4 kg/m2, 56 ± 5 years) were asked to 

reduce their habitual energy intake by 5000 kcal/week for 4 weeks, and those randomised 

to the CR+E group (n=14, BMI: 32.3 ± 4.8 kg/m2, 57 ± 5 years) were asked to follow the 

same dietary CR and perform five, 30-minute bouts of moderate intensity cycling per 

week. Blood markers of inflammation, body composition, function, and pain were 

compared after a 4-week intervention period by ANCOVA, using pre-intervention value as 

a covariate.  

Results:  

There was no difference in CRP between groups at post-intervention (p=0.517, d=0.31). 

IL-6 was lower (p<0.01; d=1.69) at post-intervention in the CR+E group (1.36 mg/dL, 0.72 

to 2.00) compared to CR group (2.98 mg/dL, 2.22 to 3.73). Visual analogue scale (VAS) 

knee pain was lower (p<0.01; d=1.29) at post-intervention in the CR+E group (2, 1 to 3) 

compared to the CR group (4, 3 to 5). The time to complete the stair climb test was lower 

at post-intervention in the CR+E group compared to the CR group (p=0.016, d=1.17). 



Conclusions:  

Four weeks of moderate-intensity aerobic exercise training combined with CR led to a 

greater reduction in IL-6, but not CRP, compared to CR alone. The addition of exercise to 

CR led to greater reduction in knee pain compared to CR alone.  

Trial Registration 

ClinicalTrials.gov (ID: NCT05518890).  
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 1 

Introduction 2 

Knee osteoarthritis (OA) is considered one of the leading causes of chronic disability 3 

worldwide (1) and its prevalence has doubled in the last 30 years (2). Previously 4 

regarded as a wear and tear disease, research now shows that low-grade, chronic 5 

inflammation plays a key role in knee OA progression (3, 4). 6 

Radiography is used for the diagnosis and monitoring of disease progression in knee 7 

OA, but only provides a limited representation of disease activity and modestly 8 

correlates with pain and functional improvement, with many individuals with clinically 9 

significant symptoms presenting minimal or no radiographic change (5). This 10 

disconnect highlights that OA progression can be driven by systemic metabolic, 11 

inflammatory and biomechanical processes that cannot be captured by imaging (6). 12 

Additionally, knee OA is now understood to consist of distinct phenotypes that may 13 

respond differently to conservative interventions (7, 8). Imaging cannot differentiate 14 

between phenotypes, nor can they detect short-term changes in systemic 15 

inflammation that conservative interventions target (9). Biomarkers offer a more 16 

sensitive means of detecting biological effects within weeks rather than years 17 

(10)(REF). Integrating biomarker assessment into knee OA trials can enhance 18 

mechanistic understanding, improve prediction of treatment response, and support the 19 

development of more personalised, phenotype-specific management strategies. 20 

The most influential and comprehensively studied group of biomarkers associated with 21 

the inflammatory pathogenesis of knee OA are well known but not limited to, C-reactive 22 

protein (CRP), interleukin (IL)-6, tumour necrosis factor (TNF)-α, IL-1β, IL-4, IL-10, 23 

and IL-13. CRP is arguably the most researched inflammatory marker in knee OA and 24 
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has been shown to decrease cartilage volume loss, delay disease progression (11) 25 

and improve local joint inflammation (12). In addition to being associated with the 26 

physiological disease progression, various biomarkers (e.g., CRP, IL-6, TNF-α and IL-27 

1β) have also been associated with clinical outcomes of pain, function and quality of 28 

life (QoL). A long term cohort study(13) reported that both baseline, and change in 29 

CRP over 5 years is positively associated with changes in total knee pain, pain at night, 30 

and pain whilst sitting/lying – as reported using the Western Ontario and McMaster 31 

Universities Arthritis (WOMAC) Index (14). Besides improvements in pain, lower CRP 32 

levels have been associated with improvements in QoL post-surgery (15). TNF-α, IL-33 

1β and IL-6 have been positively associated with pain, stiffness, and physical function 34 

(16, 17). As well as those pro-inflammatory biomarkers that are associated with 35 

disease progression, cartilage degeneration and clinical symptoms, it is also important 36 

to highlight the anti-inflammatory biomarkers (i.e., IL-4, IL-10 and IL-13), that are 37 

associated with cartilage repair which can act to suppress and/or inhibit MMP-13 38 

expression through the suppression of TNF-α and IL-1β (18, 19). 39 

Weight loss and exercise are the first line of conservative treatment recommended for 40 

the management of knee OA (20). Long term weight loss studies, involving diet and 41 

exercise manipulation have demonstrated beneficial effects on systemic inflammation 42 

and clinical outcomes (i.e., pain, function and quality of life) in individuals with knee 43 

OA living with overweight or obesity (9). Despite this, the current evidence on the 44 

effects of diet alone, and diet combined with exercise treatments on a broad array of 45 

systemic inflammatory biomarkers in this population remains weak (21) and there is a 46 

need for short-term interventions (i.e., ≤ 4 weeks) in order to determine whether 47 

improvements in systemic inflammation and clinical outcomes can be achieved in the 48 

short-term.  49 
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The objective of this study was to determine the effects of 4-weeks of dietary calorie 50 

restriction alone (CR) or combined with aerobic exercise (CR+E) on systemic 51 

inflammation in individuals with knee OA living with overweight or obesity. The primary 52 

hypothesis was that CRP will be reduced to a greater extent in the CR+E group, 53 

compared with the CR only group.  54 

Methods 55 

Study population  56 

Males and post-menopausal females aged between 45 and 69 years old were 57 

recruited for the study. Participants were invited to an initial screening visit if they had 58 

a clinical diagnosis of uni- or bi-lateral knee OA and a self-reported body mass index 59 

(BMI) between 27.5 and 40 kg/m2. Additionally, individuals completed the Oxford Knee 60 

Score (OKS) (22) to assess severity of knee OA, with individuals scoring between ≥20 61 

to ≤35 for the index knee invited to in-person screening visit. This range was chosen 62 

to recruit individuals with mild-to-moderate of moderate symptoms, who are typically 63 

viewed as appropriate candidates for non-surgical, conversative OA management, 64 

including diet and exercise. Exclusion criteria included those with; a resting blood 65 

pressure >180/120 mmHg, any knee/hip related surgery within the last 12 months, 66 

current smokers (or those who had quit <6 months prior), or a current metabolic 67 

disease.  68 

Study design and protocol 69 

This randomised control trial was approved by the Southwest National Research 70 

Ethics Committee (REC reference: 20/SW/0063) and registered on ClinicalTrials.gov 71 

(ID: NCT05518890). Recruitment commenced from January 2022 and all follow ups 72 

completed by March 2023. Participants were primarily recruited from a healthcare 73 

clinic (Virgin Care) for individuals diagnosed with knee OA, and through local 74 
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community advertisement.  Informed written consent was obtained from all participants 75 

prior to testing. Participants attended the laboratory at the University of Bath on four 76 

separate occasions. During the first visit, participants were re-screened for eligibility 77 

(resting blood pressure <180/120 mmHg, height and weight measured) and were 78 

asked to wear a physical activity monitor and record a food diary for seven consecutive 79 

days to determine PAL and energy intake, respectively. Participants with a daily 80 

physical activity (PAL) >2.00 were excluded at this point. Visits two (baseline), three 81 

(pre-intervention) and four (post-intervention) were separated by 4-weeks, with a 82 

control period between visits two and three, allowing participants to act as their own 83 

controls (23). Between visits three and four, participants were randomised to an 84 

intervention; either CR or CR+E. Randomisation was performed by an independent 85 

researcher using a minimisation approach, with groups balanced for key 86 

characteristics (sex, age, BMI, and OKS) at baseline, with factors equally weighted 87 

and no random elements. All outcomes were measured at visit two and repeated at 88 

visits three and four. The research team and participants were not blinded to group 89 

assignments following the randomised allocation. 90 

Pre-trial standardisation procedures 91 

Participants were required to record their weighed food intake in the 24 hours before 92 

visit two (baseline) to replicate their diet in the 24 hours before visit three (pre-93 

intervention) and visit four (post-intervention). Participants were also asked to avoid 94 

caffeine, alcohol, and strenuous exercise for 24 hours before each trial visit and arrive 95 

at the laboratory in a fasted state (>10 hours). 96 

Dietary calorie restriction (CR Group) 97 

For the 4-week intervention period, participants in the CR group, reduced their habitual 98 

energy intake by 5000 kcal per week, prescribed individually based on their 7-day food 99 
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diary and physical activity monitoring (i.e., energy intake and energy expenditure). The 100 

dietary restriction was based on an absolute energy deficit achieved by the intake of 101 

smaller food portions, which was calculated by subtracting from their energy 102 

expenditure (ActiheartTM) rather than energy intake to avoid issues with participants’ 103 

under-reporting food intake (24). The energy deficit was induced by multiplying the 104 

weight of all individual foods from the 7-day diary by an individual factor gathered from 105 

the energy expenditure data, allowing the desired energy intake for the intervention 106 

period to be determined (25). Participants were advised how many calories to aim to 107 

eat per day to achieve the 5000 kcal/week deficit and recommended to use a publicly 108 

available calorie tracker (e.g., MyFitnessPal). 109 

Dietary calorie restriction, combined with exercise (CR+E Group) 110 

For the 4-week intervention period, as per the CR group, participants in the CR+E 111 

group reduced their habitual energy intake by 5000 kcal per week. Additionally, 112 

participants were asked to perform five, 30-minute aerobic exercise sessions per 113 

week, at home on a standardised portable cycle ergometers provided by the research 114 

team (DKN AM-E, DKN Technology, Belgium). The intensity of each exercise session 115 

was based upon individuals’ perception, using the original rating of perceived exertion 116 

(RPE) scale of 6-20 (26). The target intensity was progressively increased throughout 117 

the exercise intervention (i.e. week 1: RPE 12, week 2: RPE 13, week 3: RPE 14, 118 

week 4: RPE 15). These target intensities span the range from moderate-intensity 119 

exercise to the lower boundary of vigorous-intensity exercise(27). Heart rate (HR) was 120 

measured and tracked during each exercise session (Polar A300, Polar Electro, 121 

Finland). Participants were asked to record average and maximum HR from each 122 

exercise session in a diary to track adherence and progression.  123 
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Outcome measures  124 

Body Composition 125 

Body mass was measured to the nearest 0.1 kg (BRW1000; Decto, Webb City, MO, 126 

USA). Dual-energy X-ray absorptiometry (DEXA) (Discovery; Hologic, Bedford, UK) 127 

was used for the assessment of body composition, with participants positioned in the 128 

middle of the scanning table with feet spaced evenly each side of the mid-point of the 129 

body and arms placed mid-prone with an equal gap to the trunk. Waist and hip 130 

circumference were measured using a non-metallic tape measure to the nearest 0.5 131 

cm. Waist circumference was measured at the end of normal expiration, at the mid-132 

way point between the lowest palpable rib and the iliac crest; and hip circumference 133 

was measured at the widest part of the buttocks.  134 

Blood Measurements 135 

Blood samples (20 mL) were collected in the fasted state via venepuncture from the 136 

median cubital and cephalic veins. Whole blood was placed in serum separation tubes 137 

and left to stand at room temperature for 15 min before centrifugation. For plasma, 138 

whole blood was placed in tubes coated with EDTA and centrifuged immediately. 139 

Samples were centrifuged at 4000 g for 10 min at 4°C. Aliquots were immediately 140 

cooled on dry-ice, being stored in -80°C freezer for long-term storage.  141 

Plasma and serum samples were thawed at room temperature prior to analysis and 142 

prepared according to the manufacturer instructions. Serum high-sensitivity (hs) CRP 143 

(mg/L) was measured on an automated analyser (Randox RX Daytona+; Randox 144 

Laboratories, Antrim, UK). Pro- and anti-inflammatory cytokines (IL-6, IL-1β, TNF-α, 145 

IL-17a, IL-18, IL-8, IL-10, IL-4, IL-13, IL-1RA) were analysed using multi-array 146 

technology, combining arrays and electrochemiluminescence, a light emission 147 

process whereby light is emitted when analytes are identified in a sample, enabling 148 
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precise quantitation of multiple analytes in a single sample (MESO QuickPlex SQ 149 

120MM, MSD, Maryland, USA). A 5-fold dilution factor was used to ensure that all 150 

analytes within the multiplex assay were within the standard curve. All intra-assay 151 

coefficients of variation were ≤10%. Markers of metabolic health (glucose, 152 

triglycerides, non-esterified fatty acids (NEFA), high-density lipoprotein (HDL)-153 

cholesterol, low-density lipoprotein (LDL)-cholesterol, and total cholesterol) were 154 

measured on an automated analyser via turbidimetry (Randox RX Daytona+, Antrim, 155 

UK) using commercially available immunoassays (Randox Laboratories, Antrim, UK). 156 

All samples for each participant were completed on the same multiplex or automated 157 

run.  158 

Pain and Self-Report Health Status 159 

Participants verbally reported their resting symptomatic pain in their index knee, on a 160 

0-10 visual analogue scale (VAS) (where 0 indicated no pain and 10 indicated worst 161 

pain imaginable) (28). Participants also completed three questionnaires related to 162 

their condition and general health status; i) the Knee Injury and Osteoarthritis Score 163 

(KOOS) (29); ii) the short form-36 health survey (SF-36) (30), and iii) the EQ-5D-164 

5L(31). 165 

Functional Tests  166 

Participants completed a set of functional tests as recommended by the Osteoarthritis 167 

Research Society International (OARSI) (32), which included: i) a 30-s chair stand test, 168 

ii) a 40-m fast paced walk test, iii), a stair climb test, and iv) a timed up and go test. 169 

 170 
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Statistical analysis and sample size   171 

All statistical tests were performed using SPSS v29 (IMB, USA). All data were normally 172 

distributed determined by visual inspection of residual plots.  The final analyses were 173 

based on a per-protocol principle, where participants in the CR+E group must have 174 

completed at least 75% (15 of 20) of their exercise sessions to be included in the 175 

subsequent analyses. Paired t-tests were performed from baseline to pre-intervention 176 

to determine the stability of inflammatory markers and the VAS score. ANCOVA was 177 

used to assess the differences between groups at post-intervention, with pre-178 

intervention values as the covariate. Participants with missing data points were 179 

removed from corresponding analysis only, and no data points were imputed. Effect 180 

sizes (Cohen's d) were calculated for all variables, and interpreted as: small effect, 181 

0.20–0.50; medium effect, 0.50–0.79; and large effect, ≥0.80. All in text values are 182 

reported as mean ± SD, unless stated otherwise. Statistical significance was set at 183 

P≤0.05.  184 

An a priori power calculation was based upon a previous RCT (25), which reported 185 

reduction in hsCRP (effect size d=1.22) following 3 weeks of energy restriction (5000 186 

kcal/week) and vigorous intensity exercise (5 sessions/week) in overweight, but 187 

otherwise healthy participants. We hypothesised that the effect of the CR intervention 188 

would be smaller, due to smaller energy restriction and independent impact of exercise 189 

training upon CRP. Therefore, we anticipated a reduction in CRP (primary outcome) 190 

following CR combined with exercise equivalent to an effect size of 0.85. With an 191 

α=0.05 and β=0.80, a priori calculation determined that we would require a total of 13 192 

participants per intervention group, excluding dropouts. 193 
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Results 194 

Thirty participants agreed to take part, and three of these participants were deemed 195 

not eligible during the initial screening visit. Four participants withdrew from the study 196 

(Figure 1), equating to a drop-out rate of ~15% (4/27). Therefore, 23 participants (Table 197 

1) completed baseline, pre-intervention and post-intervention assessments and were 198 

therefore included in the final analysis. 199 

 200 

[TABLE 1 INSERT HERE] 201 

 202 

In the CR+E group, 11 participants completed all exercise sessions (20/20), 2 203 

participants missed one exercise session (19/20), and one participant missed three 204 

exercise sessions (17/20). The average HR for Weeks 1-4 of the exercise sessions 205 

were 105 ± 17 bpm, 110 ± 18 bpm, 114 ± 19 bpm, and 117 ± 19 bpm respectively. At 206 

baseline, self-reported energy intake was 1904 ± 496 kcal/day and 1951 ± 317 207 

kcal/day for the CR and CR+E groups respectively (p=0.459). During the intervention, 208 

self-reported energy intake was 1423 ± 350 kcal/day and 1360 ± 411 kcal/day for the 209 

CR and CR+E groups respectively. The decrease in body mass (3.9 ± 1.2 kg) for the 210 

CR+E group was greater than the CR group (1.9 ± 2.7 kg; p=0.043; Table 3). There 211 

were no other differences in body composition metrics between groups (Table 3). 212 

 213 

 214 

[FIGURE 1 INSERT HERE] 215 

 216 
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 217 

 218 

[FIGURE 2 INSERT HERE] 219 

 220 

Blood samples were obtained for 8/9 participants in the CR group and 13/14 221 

participants in the CR+E group. There were differences between baseline and pre-222 

intervention values for IL-17A (p=0.036), IL-8 (p<0.01), IL-1β (p=0.050), and IL-1RA 223 

(p=0.023) (data not shown). Body mass was greater (0.5  1.0 kg) at pre-intervention 224 

compared to baseline (p=0.043). There were no other differences between baseline 225 

and pre-intervention values for any metabolic health marker, body composition metric, 226 

functional assessment score, or self-reported measure (data not shown). 227 

There was no difference in CRP between CR (n=8) and CR+E (n=13) at post-228 

intervention (p=0.517, d=0.31; Figure 2). IL-6 was lower at post-intervention in the 229 

CR+E group (n=11) compared to the CR group (n=8) (p<0.01, d=1.69; Figure 3). There 230 

were no other differences in inflammatory markers between groups at post-231 

intervention (Table 3). VAS was lower at post-intervention in the CR+E group 232 

compared to the CR group (p<0.01; d=1.29; Figure 4). There were no differences in 233 

any blood markers of metabolic health between groups at post-intervention (Table 2).  234 

The time to complete the stair climb test was lower at post-intervention in the CR+E 235 

group compared to the CR group (p=0.016, d=1.17; Figure 5). There were no 236 

differences between groups for timed up and go (p=0.147), 40-m walk speed 237 

(p=0.068), and chair stand (p=0.168) (Figure 5).  238 

Pain and knee-related quality of life subscale scores from the KOOS were improved 239 

in the CR+E group compared to the CR group at post-intervention (both p=0.018; Table 240 



11 
 

5). The sport and recreation subscale of the KOOS was not included in the final 241 

analysis due to a low proportion of participants completing these questions.  242 

Physical functioning, physical health, emotional problems, energy/fatigue, emotional 243 

wellbeing, pain, and general health subscale scores from the SF-36 were improved in 244 

the CR+E group compared to the CR group at post-intervention (Table 5). There were 245 

no differences in subscales of the EQ-5D between groups at post-intervention (all 246 

p>0.271; data not shown). 247 

[TABLE 2 INSERT HERE] 248 

[FIGURE 3 INSERT HERE] 249 

[FIGURE 4 INSERT HERE] 250 

Discussion 251 

The aim of this study was to compare the effects of dietary calorie restriction alone or 252 

in combination with aerobic exercise, on systemic inflammatory biomarkers and pain 253 

associated with knee OA. To our knowledge, this is the first short-term intervention 254 

study that has compared CR+E and CR only in the knee OA population. There was no 255 

difference between groups at post-intervention for the CRP, the primary outcome. 256 

However, IL-6, a pro-inflammatory cytokine, was lower following CR+E compared to 257 

CR only. Further, index knee pain was lower following CR+E compared to CR only.  258 

There are limited data available in this population to compare our results with, and of 259 

those that are available, the quality is generally poor (21). Although reductions in CRP 260 

have been reported following short-term diet and exercise interventions  in otherwise 261 

healthy obese populations (25), the inflammatory profile of knee OA may differ. In a 262 

knee OA population, meaningful decreases in CRP have most consistently been 263 

observed in interventions of a longer duration. For example an 18-month diet and 264 
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exercise intervention (33) produced significant reductions in CRP levels, but pre-265 

intervention values (8.8 ± 11.3 mg/L) were notably higher than in our study (2.8 ± 0.6 266 

mg/L), providing a larger physiological range for improvement. Taken together, these 267 

factors suggest that the absence of a CRP reduction in our study may be 268 

representative of the expected temporal dynamics of systemic inflammation. Shorter-269 

term interventions may be insufficient to elicit measurable changes in CRP, especially 270 

when baseline levels are lower. This highlights that CRP is unlikely to serve as a 271 

sensitive short-term biomarker of response to diet and exercise treatment in knee OA, 272 

even when other clinical or biological improvements are observed. 273 

Whilst there were no differences for a range of pro-inflammatory markers, IL-6 was 274 

lower following CR+E (1.36 ± 0.64 mg/dL) compared to CR only (2.98 ± 0.76 mg/dL). 275 

The IDEA trial (9) found that a combination of CR+E and CR only were both effective 276 

in reducing basal concentrations of IL-6 over an 18 month intervention period, but we 277 

have shown that a short-term intervention of CR+E can also significantly reduce basal 278 

concentrations of IL-6, whilst short term dietary energy restriction may be less 279 

effective. Systemic IL-6 concentrations are positively associated with obesity (34), and 280 

so the larger reduction in body mass seen in the CR+E group may explain the larger 281 

reduction of IL-6. IL-6 has also been shown to decrease after only 4-weeks of 282 

moderate intensity aerobic exercise (35), suggesting that exercise energy expenditure 283 

alone could be the influencing factor on the reductions seen in IL-6 in the CR+E group.  284 

Symptomatic pain was lower at post-intervention in the CR+E group (Δ -1.6 ± 2.1) in 285 

comparison to the CR only group (Δ -0.6 ± 1.2). The minimal clinically important 286 

difference (MCID) for VAS pain in the knee OA population is accepted to be 19.9 mm 287 

on a 0-100 VAS (36), translating to approximately 2 on a 0-10 scale, as utilised in this 288 

study. This reduction in VAS pain for CR+E group, paired with the subjective and 289 
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individualised nature of pain, represents a promising reduction. The greater reduction 290 

in body mass in the CR+E (-3.9 ± 1.2 kg) compared with the CR only group (-1.9 ± 2.7 291 

kg) could explain the greater reduction in symptomatic pain, with previous research 292 

highlighting the dose response relationship between weight loss and pain in individuals 293 

with knee OA (37). Additional potential mechanisms that could explain the greater 294 

reduction in pain in the CR+E group could be linked to the effects of exercise. For 295 

example, an increase in upper leg strength, a reduction in extension impairments and 296 

improvements to proprioception (38).    297 

The addition of moderate intensity cycling to the CR improved time to complete stair 298 

climb test, and a range of quality-of-life metrics. These findings are in line with the 299 

ADAPT trial (39) which reported combined exercise and diet-induced weight loss 300 

across 18-months resulted in the greatest improvement in 6-minute walk test distance 301 

and stair climb time, compared to other lifestyle interventions, including diet-induced 302 

weight loss only. Despite performance metrics of other functional outcomes appearing 303 

to approach statistical significance (e.g., 40-m walk test), there were no other 304 

differences between groups. However, the CR+E group reported many improvements 305 

in SF-36 and KOOS subscales, including physical functioning, physical health, and 306 

ability to perform activities of daily living, compared to CR only. This supports the role 307 

of exercise in improving physical function and health-related quality of life in individuals 308 

with knee OA (40). 309 

Limitations 310 

Firstly, we did not reach the a priori sample size calculation in each group, with four 311 

dropouts in the CR group, resulting in an imbalance between groups (CR: 9; CR+E: 312 

14). The effect size between groups for CRP was small (d=0.31), but nonetheless, this 313 

is a substantial limitation of the study and therefore results should be regarded as 314 
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preliminary rather than confirmatory. Additionally, this may have limited our ability to 315 

detect significant differences in outcomes which approached statistical significance 316 

(e.g., 40 m walk test). Secondly, participants adherence to the calorie restriction should 317 

be considered. Only, ten participants met or exceeded the 5000 kcal/week deficit. 318 

Whilst it was not feasible to request participants to log their food for the entire four-319 

week intervention period, a better method may have been to check in with participants 320 

after their first week of food logging to discuss any challenges or difficulties they were 321 

experiencing trying to adhere to the prescribed caloric deficit.  322 

Conclusion 323 

To conclude, while a short-term combined calorie restriction and aerobic exercise 324 

intervention did not reduce CRP concentrations, it led to significant reductions in 325 

circulating IL-6 concentrations in individuals with knee OA who were obese and/or 326 

overweight, compared with dietary calorie restriction only. The decrease in VAS pain 327 

was greater in the combined calorie restriction and aerobic exercise group compared 328 

with the calorie restriction only. This may be related to the reduction in IL-6 seen in the 329 

calorie restriction combined with aerobic exercise group and the greater decrease in 330 

body mass. These results combined suggest that the prescription of exercise in line 331 

with the general population physical activity guidelines (≥150 minutes of moderate-332 

intensity aerobic exercise per week) (41), which have also been determined as 333 

appropriate for people with knee OA (42), paired with a 5000 kcal/week dietary calorie 334 

restriction may be utilised by clinicians and other healthcare professionals to reduce 335 

systemic inflammation and reduce knee pain, at least in the short-term. 336 

List of Abbreviations 337 

OA osteoarthritis 338 
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CRP C-reactive protein 339 

IL interleukin 340 

TNF tumor necrosis factor 341 

MMP matrix metallopeptidase 342 

CR calorie restriction 343 

CR+E calorie restriction combined with aerobic exercise 344 

OKS Oxford Knee score 345 

BMI body mass index 346 

PAL physical activity level 347 

RPE rating of perceived exertion 348 

HR heart rate 349 

NEFA non-esterified fatty acids 350 

LDL low-density lipoprotein  351 

HDL high-density lipoprotein  352 

VAS visual analogue scale  353 

SD standard deviation 354 

ANCOVA analysis of covariance 355 

MCID minimal clinically importance difference 356 

WOMAC Western Ontario and McMaster Universities Osteoarthritis Index 357 

  358 



16 
 

Declarations 359 

Ethics approval and consent to participate 360 

This randomised control trial was approved by the Southwest National Research 361 

Ethics Committee (REC reference: 20/SW/0063) and registered on ClinicalTrials.gov 362 

(ID: NCT05518890). 363 

Consent for publication 364 

Not applicable 365 

Availability of data and materials 366 

The datasets used and/or analysed during the current study are available from the 367 

corresponding author on reasonable request. 368 

Competing interests 369 

The authors declare that the research was conducted in the absence of any 370 

commercial or financial relationships that could be construed as a potential conflict of 371 

interest. 372 

Funding 373 

This work was partly supported by the ** as part of a PhD project. 374 

Acknowledgements  375 

The authors would like to extend their acknowledgement and gratitude to the 376 

participants who took part in this RCT.  377 



17 
 

References 378 

1. Cross M, Smith E, Hoy D, Nolte S, Ackerman I, Fransen M, et al. The global burden of 379 

hip and knee osteoarthritis: estimates from the global burden of disease 2010 study. Annals 380 

of the rheumatic diseases. 2014;73(7):1323-30. 381 

2. Long H, Liu Q, Yin H, Wang K, Diao N, Zhang Y, et al. Prevalence trends of site-specific 382 

osteoarthritis from 1990 to 2019: findings from the Global Burden of Disease Study 2019. 383 

Arthritis & Rheumatology. 2022;74(7):1172-83. 384 

3. Lana JFdSD, Rodrigues BL. Osteoarthritis as a chronic inflammatory disease: a review 385 

of the inflammatory markers. Osteoarthritis biomarkers and treatments. 2019. 386 

4. Berenbaum F. Osteoarthritis as an inflammatory disease (osteoarthritis is not 387 

osteoarthrosis!). Osteoarthritis and cartilage. 2013;21(1):16-21. 388 

5. Bedson J, Croft PR. The discordance between clinical and radiographic knee 389 

osteoarthritis: a systematic search and summary of the literature. BMC Musculoskelet 390 

Disord. 2008;9:116. 391 

6. Robinson WH, Lepus CM, Wang Q, Raghu H, Mao R, Lindstrom TM, et al. Low-grade 392 

inflammation as a key mediator of the pathogenesis of osteoarthritis. Nat Rev Rheumatol. 393 

2016;12(10):580-92. 394 

7. Dell'Isola A, Steultjens M. Classification of patients with knee osteoarthritis in clinical 395 

phenotypes: Data from the osteoarthritis initiative. PLoS One. 2018;13(1):e0191045. 396 

8. Deveza LA, Nelson AE, Loeser RF. Phenotypes of osteoarthritis: current state and 397 

future implications. Clin Exp Rheumatol. 2019;37 Suppl 120(5):64-72. 398 

9. Messier SP, Mihalko SL, Legault C, Miller GD, Nicklas BJ, DeVita P, et al. Effects of 399 

intensive diet and exercise on knee joint loads, inflammation, and clinical outcomes among 400 

overweight and obese adults with knee osteoarthritis: the IDEA randomized clinical trial. 401 

Jama. 2013;310(12):1263-73. 402 

10. Bauer DC, Hunter DJ, Abramson SB, Attur M, Corr M, Felson D, et al. Classification of 403 

osteoarthritis biomarkers: a proposed approach. Osteoarthritis Cartilage. 2006;14(8):723-7. 404 

11. Spector T, Hart D, Nandra D, Doyle D, Mackillop N, Gallimore J, et al. Low-level 405 

increases in serum C-reactive protein are present in early osteoarthritis of the knee and 406 

predict progressive disease. Arthritis & Rheumatism: Official Journal of the American College 407 

of Rheumatology. 1997;40(4):723-7. 408 

12. Pearle A, Scanzello C, George S, Mandl L, DiCarlo E, Crow M, et al. Elevated C-reactive 409 

protein levels in osteoarthritis are associated with local joint inflammation. Arthritis Res 410 

Ther. 2004;6:1-41. 411 

13. Stannus OP, Jones G, Blizzard L, Cicuttini FM, Ding C. Associations between serum 412 

levels of inflammatory markers and change in knee pain over 5 years in older adults: a 413 

prospective cohort study. Annals of the rheumatic diseases. 2013;72(4):535-40. 414 

14. McConnell S, Kolopack P, Davis AM. The Western Ontario and McMaster Universities 415 

Osteoarthritis Index (WOMAC): a review of its utility and measurement properties. Arthritis 416 

Care & Research: Official Journal of the American College of Rheumatology. 2001;45(5):453-417 

61. 418 

15. Smith JW, Martins TB, Gopez E, Johnson T, Hill HR, Rosenberg TD. Significance of C-419 

reactive protein in osteoarthritis and total knee arthroplasty outcomes. Therapeutic 420 

Advances in Musculoskeletal Disease. 2012;4(5):315-25. 421 

16. Attur M, Belitskaya-Lévy I, Oh C, Krasnokutsky S, Greenberg J, Samuels J, et al. 422 

Increased interleukin-1β gene expression in peripheral blood leukocytes is associated with 423 



18 
 

increased pain and predicts risk for progression of symptomatic knee osteoarthritis. Arthritis 424 

& Rheumatism. 2011;63(7):1908-17. 425 

17. Orita S, Koshi T, Mitsuka T, Miyagi M, Inoue G, Arai G, et al. Associations between 426 

proinflammatory cytokines in the synovial fluid and radiographic grading and pain-related 427 

scores in 47 consecutive patients with osteoarthritis of the knee. BMC musculoskeletal 428 

disorders. 2011;12:1-8. 429 

18. Pustjens MF, Mastbergen SC, Steen-Louws C, van Roon JA, Hack E, Lafeber FP. IL4-10 430 

synerkine induces direct and indirect structural cartilage repair in osteoarthritis. 431 

Osteoarthritis and Cartilage. 2016;24:S532. 432 

19. Jovanovic D, Pelletier J-P, Alaaeddine N, Mineau F, Geng C, Ranger P, et al. Effect of IL-433 

13 on cytokines, cytokine receptors and inhibitors on human osteoarthritis synovium and 434 

synovial fibroblasts. Osteoarthritis and Cartilage. 1998;6(1):40-9. 435 

20. Bannuru RR, Osani M, Vaysbrot E, Arden N, Bennell K, Bierma-Zeinstra S, et al. OARSI 436 

guidelines for the non-surgical management of knee, hip, and polyarticular osteoarthritis. 437 

Osteoarthritis and cartilage. 2019;27(11):1578-89. 438 

21. Hall M, Castelein B, Wittoek R, Calders P, Van Ginckel A, editors. Diet-induced weight 439 

loss alone or combined with exercise in overweight or obese people with knee 440 

osteoarthritis: a systematic review and meta-analysis. Seminars in arthritis and rheumatism; 441 

2019: Elsevier. 442 

22. Dawson J, Fitzpatrick R, Murray D, Carr A. Questionnaire on the perceptions of 443 

patients about total knee replacement. J Bone Joint Surg Br. 1998;80(1):63-9. 444 

23. Bressel E, Wing JE, Miller AI, Dolny DG. High-intensity interval training on an aquatic 445 

treadmill in adults with osteoarthritis: effect on pain, balance, function, and mobility. The 446 

Journal of Strength & Conditioning Research. 2014;28(8):2088-96. 447 

24. Macdiarmid J, Blundell J. Assessing dietary intake: who, what and why of under-448 

reporting. Nutrition research reviews. 1998;11(2):231-53. 449 

25. Walhin JP, Dixon NC, Betts JA, Thompson D. The impact of exercise intensity on whole 450 

body and adipose tissue metabolism during energy restriction in sedentary overweight men 451 

and postmenopausal women. Physiological reports. 2016;4(24):e13026. 452 

26. Borg G. Borg's perceived exertion and pain scales: Human kinetics; 1998. 453 

27. Buckley J, Eston R. 3.8 Ratings of perceived exertion.  Sport and Exercise Physiology 454 

Testing Guidelines: Volume I-Sport Testing: The British Association of Sport and Exercise 455 

Sciences Guide2022. p. p22. 456 

28. Alghadir AH, Anwer S, Iqbal A, Iqbal ZA. Test–retest reliability, validity, and minimum 457 

detectable change of visual analog, numerical rating, and verbal rating scales for 458 

measurement of osteoarthritic knee pain. Journal of pain research. 2018;11:851. 459 

29. Roos EM, Lohmander LS. The Knee injury and Osteoarthritis Outcome Score (KOOS): 460 

from joint injury to osteoarthritis. Health and quality of life outcomes. 2003;1:1-8. 461 

30. Brazier JE, Harper R, Jones N, O'Cathain A, Thomas KJ, Usherwood T, et al. Validating 462 

the SF-36 health survey questionnaire: new outcome measure for primary care. British 463 

medical journal. 1992;305(6846):160-4. 464 

31. Herdman M, Gudex C, Lloyd A, Janssen M, Kind P, Parkin D, et al. Development and 465 

preliminary testing of the new five-level version of EQ-5D (EQ-5D-5L). Quality of life 466 

research. 2011;20(10):1727-36. 467 

32. Dobson F, Hinman RS, Roos EM, Abbott JH, Stratford P, Davis AM, et al. OARSI 468 

recommended performance-based tests to assess physical function in people diagnosed 469 

with hip or knee osteoarthritis. Osteoarthritis and cartilage. 2013;21(8):1042-52. 470 



19 
 

33. Beavers KM, Beavers DP, Newman JJ, Anderson AM, Loeser RF, Nicklas BJ, et al. 471 

Effects of total and regional fat loss on plasma CRP and IL-6 in overweight and obese, older 472 

adults with knee osteoarthritis. Osteoarthritis and Cartilage. 2015;23(2):249-56. 473 

34. Park HS, Park JY, Yu R. Relationship of obesity and visceral adiposity with serum 474 

concentrations of CRP, TNF-α and IL-6. Diabetes Research and Clinical Practice. 475 

2005;69(1):29-35. 476 

35. Thompson D, Markovitch D, Betts JA, Mazzatti D, Turner J, Tyrrell RM. Time course of 477 

changes in inflammatory markers during a 6-mo exercise intervention in sedentary middle-478 

aged men: a randomized-controlled trial. Journal of Applied Physiology. 2010;108(4):769-79. 479 

36. Tubach F, Ravaud P, Baron G, Falissard B, Logeart I, Bellamy N, et al. Evaluation of 480 

clinically relevant changes in patient reported outcomes in knee and hip osteoarthritis: the 481 

minimal clinically important improvement. Annals of the rheumatic diseases. 2005;64(1):29-482 

33. 483 

37. Messier SP, Resnik AE, Beavers DP, Mihalko SL, Miller GD, Nicklas BJ, et al. Intentional 484 

Weight Loss in Overweight and Obese Patients With Knee Osteoarthritis: Is More Better? 485 

Arthritis Care Res (Hoboken). 2018;70(11):1569-75. 486 

38. Runhaar J, Luijsterburg P, Dekker J, Bierma-Zeinstra SMA. Identifying potential 487 

working mechanisms behind the positive effects of exercise therapy on pain and function in 488 

osteoarthritis; a systematic review. Osteoarthritis and Cartilage. 2015;23(7):1071-82. 489 

39. Messier SP, Loeser RF, Miller GD, Morgan TM, Rejeski WJ, Sevick MA, et al. Exercise 490 

and dietary weight loss in overweight and obese older adults with knee osteoarthritis: the 491 

Arthritis, Diet, and Activity Promotion Trial. Arthritis & Rheumatism. 2004;50(5):1501-10. 492 

40. Lopes DG, Costa D, Cruz EB, Mendonça N, Henriques AR, Branco J, et al. Association 493 

of physical activity with physical function and quality of life in people with hip and knee 494 

osteoarthritis: longitudinal analysis of a population-based cohort. Arthritis Res Ther. 495 

2023;25(1):14. 496 

41. WHO. Guidelines of Physical Aactivity and Sedentary Behaviours 2020 [Available 497 

from: https://www.who.int/news-room/fact-sheets/detail/physical-activity. 498 

42. Osthoff A-KR, Niedermann K, Braun J, Adams J, Brodin N, Dagfinrud H, et al. 2018 499 

EULAR recommendations for physical activity in people with inflammatory arthritis and 500 

osteoarthritis. Annals of the rheumatic diseases. 2018;77(9):1251-60. 501 

 502 

  503 

https://www.who.int/news-room/fact-sheets/detail/physical-activity


20 
 

Figure legends 504 

Figure 1. CONSORT study flow diagram 505 

Figure 2. CRP at pre-intervention and post-intervention for calorie restriction (n=8) 506 

and calorie restriction combined with aerobic exercise (n=13) groups. Data 507 

presented is mean and 95% CI.  508 

Figure 3. VAS at pre-intervention and post-intervention for calorie restriction (n=9) 509 

and calorie restriction combined with aerobic exercise (n=14) groups. Data 510 

presented is mean and 95% CI. 511 

Figure 4. IL-6 at pre-intervention and post-intervention for calorie restriction (n=8) 512 

and calorie restriction combined with aerobic exercise (n=11) groups. Data presented 513 

is mean and 95% CI. 514 

Figure 5. Functional tests (stair climb, timed up and go, 40-m walk speed, and chair 515 

stand) at pre-intervention and post-intervention for calorie restriction and calorie 516 

restriction combined with aerobic exercise groups. Data presented in mean and 95% 517 

CI. 518 

 519 

 520 

 521 

 522 

 523 

 524 

 525 
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Table 1. Participant characteristics (n=23) 527 
 Calorie Restriction Calorie Restriction + 

Exercise 

n 9 14 
Age (yrs) 56 ± 5 57 ± 5 

Sex   
Males 3 5 

Females 6 9 
BMI 30.0 ± 2.4 32.3 ± 4.8 

Disease duration (yrs) 6 ± 9  7 ± 7 
OKS 28 ± 6 31 ± 5 
PAL 1.37 ± 0.14 1.34 ± 0.09 

Systolic BP (mmHg) 135 ± 12 129 ± 13 
Diastolic BP (mmHg) 87 ± 10 83 ± 10 

BMI = Body Mass Index; OKS = Oxford Knee Score; PAL = Physical Activity Level; BP = Blood 528 
Pressure 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 
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Table 2. Metabolic health before and after calorie restriction (CR) only or combined with aerobic exercise (CR+E). 

TGs = Triglycerides; TC = Total Cholesterol; HDL-C = High Density Lipoprotein-Cholesterol; LDL-C = Low Density Lipoprotein-Cholesterol; NEFA = Non-

Esterified Fatty Acids 

*Post-intervention values are adjusted for pre-intervention values. 

Data presented as mean  95% confidence intervals 

 

  

 Calorie Restriction (n=8) Calorie Restriction + Exercise (n=13)   

 Pre-Intervention Post-Intervention* Pre-Intervention Post-Intervention* P value Cohen’s d 

Glucose (mmol·L-1) 5.47 (4.93 to 6.01) 5.01 (4.46 to 5.56) 5.03 (4.66 to 5.39) 5.33 (4.90 to 5.76) 0.362 0.44 

TGs (mmol·L-1) 1.08 (0.69 to 1.47) 1.17 (0.88 to 1.46) 1.28 (0.90 to 1.67) 0.88 (0.65 to 1.12) 0.128 0.78 

TC (mmol·L-1) 5.36 (4.35 to 6.38) 5.25 (4.62 to 5.87) 5.53 (5.02 to 6.03) 5.10 (4.61 to 5.59) 0.696 0.19 

HDL-C (mmol·L-1) 1.66 (1.32 to 2.00) 1.54 (1.37 to 1.71) 1.62 (1.30 to 1.95) 1.52 (1.39 to 1.65) 0.842 0.03 

LDL-C (mmol·L-1) 3.47 (2.74 to 4.20) 3.46 (2.97 to 3.95) 3.69 (3.24 to 4.14) 3.40 (3.01 to 3.78) 0.830 0.11 

NEFA (mmol·L-1) 0.73 (0.60 to 0.87) 0.69 (0.49 to 0.89) 0.53 (0.45 to 0.60) 0.67 (0.53 to 0.82) 0.917 0.06 
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Table 3. Body composition metrics before and after calorie restriction (CR) only or combined with aerobic exercise (CR+E). 

*Post-intervention values are adjusted for pre-intervention values. 

Data presented as mean  95% confidence intervals 

  

 Calorie Restriction (n=9) Calorie Restriction + Exercise (n=14)   

 Pre-Intervention Post-Intervention* Pre-Intervention Post-Intervention* P value Cohen’s d 

Body Mass (kg) 88.6 (78.5 to 98.8) 91.6 (90.2 to 93.0) 96.7 (86.2 to 107) 89.7 (88.6 to 90.8) 0.043 0.97 

Waist Circumference (cm) 96.4 (89.7 to 103) 95.3 (93.2 to 97.3) 99.4 (91.7 to 107) 94.4 (92.8 to 96.1) 0.359 0.29 

Waist: Hip 0.89 (0.82 to 0.96) 0.86 (0.84 to 0.88) 0.86 (0.81 to 0.92) 0.87 (0.86 to 0.88) 0.454 0.34 

Fat Mass (kg) 36.3 (28.4 to 44.2) 37.3 (36.1 to 38.4) 40.8 (34.5 to 46.6) 36.8 (35.9 to 37.7) 0.570 0.26 

Fat-Free Lean Mass (kg) 50.2 (44.7 to 55.7) 51.9 (50.8 to 52.9) 51.7 (45.3 to 58.1) 50.7 (49.8 to 51.5) 0.079 0.83 

Body Fat (%) 40.5 (34.4 to 46.6) 40.1 (39.1 to 41.1) 42.2 (38.2 to 46.3) 40.7 (39.9 to 41.5) 0.347 0.43 

Visceral Adipose Tissue 
(kg) 

1.07 (0.809 to 1.34) 0.859 (0.745 to 
0.973) 

1.02 (0.837 to 1.20) 0.917 (0.826 to 1.01) 0.418 0.37 
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Table 4. Inflammatory cytokines at pre-intervention and post-intervention after calorie restriction (CR) only or combined with aerobic exercise 

(CR+E). 

*Post-intervention values are adjusted for pre-intervention values. 

Data presented as mean  95% confidence intervals 

  

  Calorie Restriction  Calorie Restriction + Exercise   

 n Pre-Intervention Post-Intervention* n Pre-Intervention Post-Intervention* P value Cohen’s d 

IL-1β (pg/mL) 6 1.78 (1.35 to 2.21) 1.16 (0.29 to 2.02) 10 1.49 (0.82 to 2.16) 0.96 (0.29 to 1.62) 0.699 0.22 

TNF-α (pg/mL) 8 1.82 (1.27 to 2.36) 1.55 (1.22 to 1.88) 13 1.76 (1.45 to 2.06) 1.39 (1.12 to 1.65) 0.427 0.38 

IL-17a (pg/mL) 7 11.2 (7.23 to 15.2) 9.60 (8.00 to 11.2) 13 10.6 (7.85 to 13.3) 9.13 (7.96 to 10.3) 0.623 0.25 

IL-18 (pg/mL) 8 505 (343 to 666) 481 (319 to 644) 13 597 (501 to 692) 419 (293 to 546) 0.544 0.29 

IL-8 (pg/mL) 7 10.3 (7.43 to 13.2) 10.4 (7.01 to 13.8) 12 9.93 (6.98 to 12.9) 9.87 (7.29 to 12.5) 0.797 0.13 

IL-10 (pg/mL) 7 1.08 (0.94 to 1.22) 1.10 (0.86 to 1.33) 13 0.97 (0.83 to 1.10) 1.22 (1.05 to 1.40) 0.374 0.44 

IL-4 (pg/mL) 7 0.473 (0.357 to 
0.589) 

0.510 (0.423 to 
0.598) 

11 0.421 (0.291 to 
0.551) 

0.527 (0.457 to 
0.597) 

0.760 0.16 

IL-13 (pg/mL) 4 4.16 (2.04 to 6.28) 9.32 (6.19 to 12.5) 3 4.65 (1.48 to 7.81) 6.41 (2.79 to 10.0) 0.170 1.67 

IL-1RA (pg/mL) 4 283 (105 to 461) 305 (157 to 454) 9 220 (119 to 321) 210 (114 to 306) 0.268 0.74 
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Table 5. KOOS, SF-36 and EQ-5Q subscales at pre-intervention and post-intervention after calorie restriction (CR) only or combined with 

aerobic exercise (CR+E). 

*Post-intervention values are adjusted for pre-intervention values. 

1CR (n=8), CR+E (n=13) 

Data presented as mean  95% confidence intervals 

 Calorie Restriction (n=9) Calorie Restriction + Exercise (n=14)   

 Pre-Intervention Post-Intervention* Pre-Intervention Post-Intervention* P value Cohen’s d 

KOOS       

Pain 55 (41 to 69) 61 (54 to 69) 62 (53 to 71) 73 (67 to 79) 0.018 1.15 

Symptoms 58 (48 to 69) 58 (50 to 66) 52 (43 to 60) 68 (61 to 74) 0.066 0.87 

ADL 62 (45 to 79) 69 (63 to 75) 72 (63 to 81) 81 (76 to 86) 0.004 1.45 

Quality of Life1 45 (32 to 57) 42 (49 to 62) 42 (32 to 51) 58 (49 to 62) 0.018 1.23 

SF-361       

Physical Functioning 51 (26 to 75) 55 (46 to 64) 61 (50 to 72) 71 (65 to 78) 0.007 1.38 

Physical Health 41 (4 to 78) 49 (25 to 73) 64 (42 to 87) 83 (65 to 101) 0.029 1.08 

Emotional Problems 62 (28 to 97) 56 (37 to 74) 84 (65 to 100) 97 (83 to 111) 0.002 1.69 

Energy/Fatigue 44 (23 to 65) 50 (41 to 60) 47 (33 to 61) 71 (64 to 78) 0.002 1.66 

Emotional Wellbeing 70 (51 to 89) 69 (64 to 73) 80 (77 to 84) 85 (82 to 88) <0.001 2.95 

Social Functioning 70 (52 to 89) 77 (67 to 87) 86 (76 to 95) 88 (81 to 96) 0.072 0.87 

Pain 45 (28 to 62) 55 (45 to 64) 60 (50 to 69) 68 (60 to 74) 0.044 0.99 

General Health 56 (45 to 68) 59 (52 to 66) 59 (49 to 69) 69 (63 to 74) 0.039 1.02 

Health Change 41 (25 to 56) 41 (38 to 65) 52 (38 to 65) 55 (44 to 65) 0.695 0.18 

EQ-5D       

VAS 65 (53 to 78) 69 (63 to 75) 69 (57 to 80) 85 (80 to 90) <0.01 1.97 
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